catalyzed by AT-N440 is similar to the reverse reaction quence alignments to identify highly conserved residues. The location of these residues is used to better that can also be catalyzed by the DNA polymerases; however, this reaction occurs less frequently in vivo due understand how the protein might function. to the low concentration of PP i resulting from the action of inorganic pyrophosphatase. Given the mechanistic Results similarities, it is not surprising that active site residues of DNA polymerase ␤ (Pol␤) are highly conserved in
Molecular Structure
The structure of AT-N440 was determined by the MAD kanamycin nucleotidyltransferase (KNT) and other protein nucleotidyltransferases such as ATase and UTase phasing technique and refined to 2.0 Å resolution. The refinement statistics and model quality parameters are (Holm and Sander, 1995a; Aravind and Koonin, 1999). ATase, like DNA polymerase, is capable of removing listed in Table 1 . Not all amino acids could be built into electron density. As a consequence, there is a break in a nucleoside monophosphate. DNA polymerases often possess a hydrolytic (nuclease) domain or subunit to the center of the molecule between residues 182 and 191, and the last three residues, 438-440, are also not edit the polymerase reaction. The reaction catalyzed by AT-N440 is unusual in the sense that it is mechanistically observed. In terms of linear sequence, the break in the center of the molecule is close to key catalytic residues, similar to a polymerase reaction (adenylyl transfer) but functionally equivalent to an editing protein (nuclease). but this section of the peptide does not appear to form part of the active site. Previous studies have detected a low level of sequence similarity ‫)%52ف(‬ between AT-N440 and AT-C, The overall shape of AT-N440 is discoidal with major axes of approximately 63 ϫ 54 ϫ 26 Å . A schematic and the sequences of both domains can be aligned with DNA polymerase ␤. The sequence similarity is concenrepresentation of the structure is shown in Figure 1 . The molecule is predominantly helical with a small amount trated in the active site and is not significant over the entire sequences. A similar level of sequence similarity of ␤ structure that forms one side of a cleft in the center of the molecule. This cleft is thought to be part of the has been found between DNA polymerase ␤ and UTase. There are a number of other proteins that show a similaractive site of the molecule, an idea that is consistent with the structural comparisons described below. For ity to DNA polymerase ␤ (Holm and Sander, 1995a). Of these, structures are available for kanamycin nucleotithe purposes of these comparisons, it is convenient to divide the structure into three subdomains: the first is dyltransferase (PDB code 1kny) (Pedersen et al., 1995) , DNA polymerase ␤ (PDB code 1bpy) (Sawaya et al., formed by residues 1 through 110, while the second is formed by residues 111 through to 283, and the third 1997), and polyadenylate polymerase (PAP; PDB code 1vfr) (Bard et al., 2000; Martin et al., 2000) . The structural is formed by residues 284 to 437. As can be seen in Figure 1 , each of the three domains interacts with the and sequence similarity is concentrated in a domain that is known as the "palm" domain in various polymerase other two to form a single globular structure. The first four helices of domain 1 are relatively short structures. This is domain 2 of the current structure.
We have undertaken the structure determination of and form a left-handed, supercoiled helix. The supercoiling is relatively loose, with lengths of random coil sepathe AT-N440 domain in order to better understand how it functions. The structure is described and compared rating ␣1 and ␣2 as well as ␣3 and ␣4. Helices ␣2 and ␣3 are linked by Ser39, which forms a bend between with other proteins that also contain the nucleotidylyl transferase fold. The active site is also examined with the two helices that allows them to form the supercoiled helix. The side chain of Ser39 forms stabilizing links with a view of identifying the residues important for binding substrates and facilitating the phosphorolysis reaction.
other sections of the protein. Specifically, the OG atom hydrogen bonds with the amino nitrogen atom of Val42 We have scanned a sequence database and used se- structures. Taken together, these two domains gave a Dali Z score of 4.2 when compared with KNT, while a A turn connects ␤5 and ␤6, both of which hydrogen bond to ␤4. Strand ␤6 is followed by two helices. These are followed by ␤7, which connects to the final helix of this domain. This final helix, ␣12, interacts with ␣10 to form the base of the molecule as shown in Figure 1 . Domain 3 consists entirely of ␣ helices, the first two of which run antiparallel to each other, with the second, ␣14, bordering the active site. The link between ␤13 and ␤14 contains Lys317, which may be involved in catalysis, as described below. In addition to ␣14, ␣16 is close to the active site. The final helix, ␣18, extends from 414 to 434. In a previous study, a shorter fragment, AT-N423, was used but exhibited poor solubility (Jaggi et al., 1997). Secondary structure predictions indicated that this may have resulted in helix ␣18 being truncated (Xu et al., 2004) and that this was responsible for the poor solubility exhibited by this initial fragment. This idea is consistent with the structure. Residues 424-436 make a number of interactions with residues of ␣14 (323-337) and ␣16 (364-388). These three helixes form a helical bundle that has a hydrophobic interface between them. Since AT-N423 does not have residues 424-440, the hydrophobic faces of the helices ␣14 and ␣16 are exposed to solution in this molecule.
Structural Comparisons
A search for structural similarity was carried out using DALI (Holm and Sander, 1995b) , with the entire AT-N440 molecule as the target. This search gave matches that were low in both sequence identity and structural similarity. The DALI searches were more successful when the protein was broken down into domains the boundaries of which have been assigned as a result of comparisons with related molecules. For the first domain, a 
Conserved Residues
A search for sequences showing homology to ATase was carried out as described in the Experimental Procedures. A total of 64 sequences were collected on the basis of their similarity to E. coli ATase, with only 11 sequences between 20% and 25% sequence identity. The sequences that were detected in this search were found to belong to four bacterial subdivisions and were used to produce the phylogenetic tree given in Figure  5 . There were no sequences detected among numerous other organisms that possess the PII protein. For example, PII sequences were found among the archaea, the cyanobacteria, and the low GϩC Gram positives, but ATase sequences could not be found in the same organisms.
The aligned ATase sequences gave 35 absolutely conserved residues and 24 highly conserved residues that were different in at most two sequences. Within the AT- in AT-C contains only two conserved residues. Residues As can be seen in Figure 3A , this connection is different 172-228 cover the strands containing the metal binding in AT-N440, KNT, and the polymerases. In KNT this helix ligands. These three aspartate residues are conserved is missing, while in the polymerases, a helix also follows in both domains. Residues 245-260 are part of a crevice the second strand, but the connection to the third strand that is also made up of the conserved residues that goes via an additional two ␤ strands. The length of the follow strand 5. Again, this feature is conserved in AT-C. third strand of AT-N440 (␤5) is much shorter than the Residues 317-322 are found in a loop between ␣13 and corresponding strands in KNT, PAP, and Pol␤. The pep-␣14. Within this loop, the side chain of Lys317 points tide following the third conserved acid residue (Asp223) into the active site. Of the four conserved residues in folds into a turn that resembles a single turn of 3 10 helix.
this loop, only two, Lys317 and Gly321, are conserved As noted below, the residues making up this turn are in AT-C. The conserved residues in helix ␣14 occur along conserved (Leu226, Arg227, and Pro228) in all ATase the face that forms part of the active site and are not sequences, and the turn makes a very close approach conserved in AT-C. The conserved residues in the range to the putative ADP binding site. As can be seen from 374-385 are found in helix ␣16 and are not conserved Figure 3C , there is a high degree of structural similarity in AT-C. These residues make contact with conserved in the nucleotidyl transferase motif found different proresidues 167-169 and may be important in terms of teins. The similarity covers the first two strands and stabilizing sections of the phosphate binding loop. the loop that connects them. The connection between strands 2 and 3 differs between the proteins as does the length of the strand 3. Discussion The structure of domain 3 appears to be most similar to the C-terminal domain of KNT (Pedersen et al., 1995) ,
The Active Site Regions Although no metal ions were observed in the structure despite the fact that the two domains can only be aligned with 5% sequence identity. Shown in Figure 4 A model of AT-N440 complexed with adenosine dinuas shown in Figure 6B . The residue Leu226 is close enough to interact with the base and sugar of ADP, cleotide (ADP) was produced by using adenosine triphosphate (ATP) and metal ion coordinates from PAP suggesting that the model requires minor modification. The next residue is Arg227, whose side chain makes rotated into the active site of AT-N440 by overlaying the conserved aspartates and then truncating the nucleoa number of hydrogen bonds with backbone atoms, suggesting that it functions in stabilizing the structure tide to ADP by removal of the ␥-phosphoryl group (Figure 6B) . The model does not allow detailed predictions of the active site. All the residues that cluster around the base are conserved in both AT-N440 and AT-C. The of interactions between the nucleotide and the protein, particularly when it is considered that the conformation phosphates appear to interact with a number of basic residues as shown in Figure 6B . One such residue is of the protein is likely to change on binding substrate. However, some indication of the location of the various Lys162, which sits at the start of the helical turn that follows the first strand. As mentioned earlier, in Pol␤, components of the ADP can be inferred with this model and the location of conserved residues that are given the residue at this position is a serine (Ser180) (Sawaya et al., 1997) that interacts with the ␥-phosphate of the in Figure 6B .
The base of the ADP fits into a crevice such that it nucleoside triphosphate. In AT-N440, Lys162 is hydro- gen bonded to Glu327 of helix ␣14. Also found on helix conserved in all the AT-N440 sequences, but which are not conserved in the corresponding sequences of AT-C. ␣14 is Arg324, and nearby is Lys317; both of these residues could interact with phosphates of ADP. During
The side chains of these conserved residues face the active site, suggesting that they have functional significatalysis, one of the phosphoryl oxygens of the adenylylated Tyr396 of GS (GS-AMP) would be coordinated to cance, possibly interacting with GS or PII. Since the two activities of ATase are mechanistically the metal ions. We would expect the attacking phosphate to be close to the location of the ␤ phosphate of similar to one another, we would expect these active sites to be very similar. As noted above, Lys317, Lys162, the ADP complex, and hence, residues Lys317, Lys162, and Arg324 may serve to orient this ion for nucleophilic and Arg324 are in a position to interact with the phosphates of ADP, and only one Lys corresponding to attack. Helix ␣14 contains a number of residues that are
Experimental Procedures
Lys317 is very highly conserved in the AT-C sequences, suggesting that other two basic residues may be re- know that the activity of ATase is regulated by PII, yet the activities of AT-N440 and AT-C are not. In the absence of
